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A study was made of the Zn0-Fe 2o3-Fe3o4 system at 1200°0 using 
-4 
oxygen pressures between 0.1 and lxlO atmospheres. The results of 
this study were used to calculate the activities of ZnO, Fe2o3, and 
Fe3o4 in the spinel solid solution region of this ternary system. 
The activities of ZnFe 2o4 and Fe3o4 across the pseudo-binary system 
were then calculated. The activities of the components in both the 
ternary and pseudo-binary systems exhibited large positive deviations 
from Raoult's Law, being more pronounced at the higher Fe3o4 content. 
The free energy, enthalpy, and entropy of mixing of the pseudo-
ii 
binary system ZnFe2o4-Fe3o4 at 1200°0 were calculated from the activi-
ties of ZnFe 2o4 and Fe3o4 • The entropy of mixing was compared with 
the entropy of mixing calculated from two statistical models, one re-
presenting an ideal solution, and the other representing the mixing 
of a normal with an inverse spinel. 
The pseudo-binary entropy of mixing appeared to compare the best 
with the model of the mixing of a normal with an inverse spinel. This 
indicates that the cations of a normal and an inverse spinel tend to 
occupy the same positions in the spinel solid solution lattice that 
they would occupy in their respective pure components. This comparison 
also indicates that the cation distribution in the spinel solid solu-
tion is an important factor in determining the thermodynamic properties 
of the spinel solid solution. 
iii 
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The objectives of this investigation were to (1) experimentally 
determine the location of certain phase boundaries in the 1200°C iso-
thermal section of the zinc oxide-ferric oxide-magnetite phase diagram, 
(2) to experimentally determine some of the thermodynamic properties 
of the zinc oxide-ferric oxide-magnetite ternary system, and (3) to 
use the calculated values of the thermodynamic properties of the zinc 
oxide-ferric oxide-magnetite system to evaluate the thermodynamic pro-
perties of the pseudo-binary system between zinc ferrite and magnetite. 
Importance of the Study 
The electrolytic refining of zinc is becoming an increasingly 
important process in the production of zinc. As this process can treat 
certain types of complex zinc ores, it is desirable to be able to in-
crease the amount of zinc produced by this method. A problem encountered 
in the electrolytic process is the substantial loss of zinc to a compound 
that is formed during the normal roasting of zinc ores containing iron. 
This compound is insoluble in the leaching of the roasted zinc ore _;_·e-
sulting in a zinc loss that is directly proportional to the iron con-
tent of the ore. As the reserves of zinc ores free of iron are dimin-
ishing\ zinc ores containing iron will, of necessity, be used to a 
greater extent in the future. This compound, which is insoluble during 
the leaching of the roasted zinc ore, is a zinc-iron oxide called zinc 
ferrite • As a result of the loss of zinc in this insoluble oxide, 
1. Red~~:t~, R. E. (1965)Personal Communication. 
2 
methods are constantly being sought to reduce its formation. 
The electronics industry2, on the other hand, has found that fer-
rites, specifically zinc ferrite, show promise as attractive mate-
r.llUs for magnetic applications and have found extensive use in this 
field. The composition of the zinc ferrite must be controlled closely 
in order to retain the desired magnetic properties. The ferrous ion 
content, a decomposition product of the ferrite, is particularly crit-
ical and must be held at specific levels, depending on the application. 
This investigation, therefore, was undertaken to provide data 
on the thermodynamic properties of zinc ferrite, zinc oxide, ferric 
oxide, and magnetite to better understand the formation of zinc fer-
rite. 
R. L. Benner3 has concluded similar studies on the zinc oxide-
ferric oxide-magnetite system at temperature isotherms of ll00°C, l300°C, 
and l400°G. Therefore, the present study has been confined to the l200oC 
isotherm. 
2. Allen, A. C., •'Ferri tee 16,., Ceramic Industry, Vol. 85, No. l, 
July 1965, p. 35. 
3. :Bei'uler,''R~: L. (1965) "The Thermodynamics of' the Zn0-Fe 2o3-Fe3o4 
System", Thesis, University o:r Missouri. 
CHAPTER II 
REVIEW OF THE LITERATURE 
The metal zinc was probably known to man before 500 B. C., but 
as the nature of the metal was very little understood, its production 
l 
and use were only rarely encountered. Zinc was probably first pro-
duced commercially in India, as a Hindu king, about 1100 A. D., described 
the roasting and reduction of calamine (ZnO) to produce a metal which 
had the appearance of tin. 2 
For about 100 years before zinc was ~ted in Europe, it was brought 
there from the Orient by Portuguese traders, with the knowledge of zinc 
smelting being brought from China to England about the year 1730.3 
Until 1758, only zinc oxides were used as an ore, but in 1758 a 
patent was granted for the smelting of zinc from a sulfide ore by roast-
ing the ore, and mixing the roasted ore with charcoal and smelting the 
mixture. 
The first experimental work on the electrolytic process was per-
formed in 1881 using a zinc sulfate solution obtained by leaching a 
roasted ore. However, with the discovery of large natural gas fields 
in the southwestern United States, and the failure of the 
first commercial electrolytic zinc plant, the idea of producing zinc 
by an electrolytic process remained dormant for a number of years. 
1. American Zinc Institute, "Zinc- The Science and Technology of the 
:Metal, Its Alloys and Compounds", Am. Chern. Soc. Monograph No. 142, 
Reinhold Publishing Corporation, New York, New York (1959), pp. 1-7. 
2. Bray, J. L., ~N~o::;n~-~F:,::e~r:.,;r~o~us:!.e.....;.~~~~:.!;;....:;::~;:;:;.;;:;.::;~, John Wiley & Sons, 
Inc., New York, New York 
3. A.mer.!i.can> Zinc. Institute, .Ql2... ~~ ~p •. 3 
4 
In the 1920's with the development and improvement of flotation 
of mixed sulfide ores, the electrolytic extraction of zinc was again 
attempted, and proved to be successful, as many of the earlier problems 
with the process had been solved. 
With the hydrometallurgy of zinc ores becoming more common, the 
problem of insoluble compounds in the leaching of roasted zinc ore 
was recognized. This insoluble zinc compound, zinc ferrite, resulted 
in zinc losses that were directly proportional to the iron content of 
the zinc ore. 
Much of the early work on the reducibility of zinc ferrite was 
contradictory. Hopkins and Adlington4 suggested that the zinc ferrite 
was reduced in steps. A low temperature step resulted in the reduction 
of a portion of the ferric ions to ferrous ions, thereby replacing some 
of the zinc oxide in the ferrite structure with ferrous oxide, result-
ing in free zinc oxide and magnetite as final products. The high tern-
perature step resulted in free zinc oxide and ferrous oxide or free 
iron as the final product. They neglected to consider the solid solu-
bility between the two spinels encountered, zinc ferrite and magnetite. 
Takei and Kato 5 were the first to suggest the possibility of ex-
tensive solid solubility between magnetite and zinc ferrite. Yamaguchi 
and Takei6 investigated the Zn0-Fe 2o3-Fe3o4 system in air from 1050 to 
1400°C and found an extensive solid solution region extending completely 
4. Hopkins, D. W., and Adlington, A. G., Inst. of Mining and Metallurgy 
Trans., Vol. 60 (1950-51), pp. 117-128. 
5. Takei, T. and Kato, T., Trans. Electrocbem Soc., Vol, 57 (1930), 
pp. 297-312. 
6. Yamaguchi, T. and Takei, T., Sci. Papers Inst. Phys. Chern. Research, 
Toey6, Vol. 53 ( 1959), pp. 207-215. 
5 
across the ternary system from zinc ferrite to magnetite and capable 
of dissolving excess Fe 2o3 as well as excess ZnO into the solid solu-
tion. 
R. Benner7 investigated the thermodynamic properties of the ZnO-
Fe2o3-Fe3o4 system at 1100, 1300, and 1400°0 in an attempt to more 
completely characterize this system and construct compound stability 
8 diagrams as an aid to the zinc industry. Benner also found an exten-
sive solid solution region in the Zn0-Fe2o3-Fe3o4 ternary system and 
showed this region to be far from ideal with regard to the activities 
of the individual components in this solid solution. 
The present investigation was conducted to expand on the knowledge 
of the ternary system Zn0-Fe 2o3-Fe3o4 at a temperature, 1200°0, inter-
mediate to those studies by Benner •. 
7. Benner, R. L., ~!The Thermodynamics of the Zn0-Fe 2o3-Fe3o4 System", 
Thesis, University of Missouri, 1965. 




Description of Apparatus and Materials 
Apparatus 
The equilibrium apparatus used during this investigation is shown 
schematically in Figure l. 
Furnace 
The furnace used throughout this study was a two-bar silicon-carbide 
resistance heated tube furnace; the tube was composed of mullite with 
a 1-1/4-inch inside diameter. The temperature of the furnace was con-
trolled by a Wheelco Model 402 Temperature Controller using a chromel-
alumel thermocouple. The thermal gradient within the hot zone over 
the length of the sample container was ±4°C. 
A platinurn/platinum-10 percent rhodium thermocouple placed adja-
cent to the samples in the reaction chamber was used to make tempera-
ture measurements during an equilibration run. The temperature meas-
urements were taken on a Leeds and Northrop potentiometer capable of 
detecting temperature changes of ±0.5°C. This thermocouple was cali-
brated against the melting points of silver and copper and found to 
be accurate within the capabilities of measurement of the potentiometer. 
The individual sample cups were fabricated from 0.001-inch thick 
platinum foil with two to three grams capacity. Six of these cups 
were placed in an alundum combustion boat, thereby permitting 
equilibration of a series of sample compositions with a particular 
ox;v:gen pressure at one time. A nichrome wire attached to the 
po~ustion boat allowed the samples to be rapidly pulled out of 
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Figure 1 
Schematic Diagram of 
Equilibrium Apparatus 
....;;j 
the hot zone of the furnace into a water cooled copper heat sink to 
obtain rapid quenching of the samples. 
Atmospheres 
The atmospheres used during this study were 0 2-argon mixtures. 
8 
All mixtures used in this study were from cylinders of commercially 
mixed gases of lo% 02 in Ar, 1% 02 in Ar, 0.1% 0 2 in Ar, and 0.01% 02 
in Ar supplied by Matheson, Inc. The gas mixture was first passed 
through an activated alumina-magnesium perchlorate drying agent. The 
gas mixture was then passed through the orifice of a precalibrated 
flowmeter before entering the furnace tube. The gas leaving the furnace 
passed through a Fischer Gas Chromatograph for analysis, and then vented 
to the atmosphere through a low vapor-pressure oil bubbler to prevent 
back diffusion of the oxygen in the atmosphere into the system. 
The flowmeter used in this study was calibrated using a gas burette. 
The calibration curve of the flowmeter is shown in Figure 2. 
Equilibration and Quenching Procedures 
A series of 5 or 6 samples were packed firmly into the platinum 
cups and the cups then placed in the alundum boat. The furnace, being 
kept at temperature continuously, was flushed with the 0 2-Ar mixture 
for that particular run at a flow rate of 100 cc per minute for a period 
of 30 minutes before insertion of the samples into the furnace. The 
samples were then positioned in the hot zone of the furnace tube, and 
the tube sealed. The system was then flushed for an additional 15 
minutes at a flow rate of 100 cc per minute, until no trace of N2 was 
noted on the gas chromatograph. The flow rate of the 02-Ar mixture 
was then decreased to; Fcfc per minute, and the samples allowed to come 
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Flowmeter Calibration Curves 
10 
The equilibrium time for this study was forty-eight hours at 1200°0 1 
somewhat longer than that used by Yamaguchi and Takei1 during their 
investigation, and comparable to the times used by Benner2 • 
Once equilibrium had been reached between the samples and the 
atmosphere, the sample boat was rapidly pulled into the heat-sink to 
cool. 
Materials 
In order to form the ZnFe 2o4 starting material used in this study, 
equal molar portions of analytical grade ZnO and Fe2o3 were mixed in 
a wet blender for a period of 8 hours, filtered, and dried for 24 hours 
in a drying oven at 110°0. The mixture was then sintered in a SiN 
combustion boat in an atmosphere of pure 02 at 1150°0 for 96 hours 
and allowed to furnace cool under 1 atmosphere of oxygen. The mixing 
and sintering times used to make the ZnFe 2o4 starting material were 
much longer than the times used in the manufacturing of commercial 
ferrites3 to insure a completely homogeneous starting material. The 
starting material analyzed in weight percent: 
66.40%, Fe3o4 = 0.2~, and unaccounted for= 1.8?%, and in atomic per-
cent: ZnO = 48.19%, Fe2o3 = 51.69%, and Fe3o4 = 0.12$. 
The starting material was then ground to minus 200 mesh and was 
mixed with excess Fe 2o3 to the proportion shown in Table I. 
1. Yamaguchi, T. and Takei, T., Sci. Papers Inst. Phys. Chern. Research, 
To~o, Vol. 53, p. 207 (1959). 
2. Benner, R. L. (1965) "The Thermodynamics of the Zn0-Fe 2 )3-Fe3o4 
System", Thesis, University of Missouri. 
3.. Pippin, J. E. and Hogan, C. L., "The Preparation of Polycrystalline 











COMPOSITION OF STARTING MATERIAL 
Sample Composition 
Weight Percent Atomic Percent 
Fe 2o3 ZnO Fe 2o3 ZnO 
66.24 33.76 50.0 50.0 
68.58 31.42 52.7 47.3 
71.00 29.00 55.6 44.4 
76.60 23.40 62.6 37.5 
83.10 16.90 71.5 28.5 
90.70 9.30 83.4 16.6 
12 
Chemical Analyses and Phase Identification 
Chemical Analyses 
A detailed procedure of the chemical analyses performed during 
this study is given in Appendix A, therefore, only a brief description 
will be given in the text. 
Ferrous Ion 
The determination of the ferrous ion content in the samples was 
performed by titration of the dissolved sample with potassium dichromate. 
Samples of approximately 0.3 grams were accurately weighed and dissolved 
in 12N IDl.. under a protective atmosphere of C02 . The solution was diluted 
to approximately 200 ml with air-free distilled water, 10 ml of H3Po4 
added to complex the ferric ions formed during titration, the diphenylamine 
indicator added, and the solution titrated with K2Cr2o7 . 
Total Iron 
The total iron determination was performed by titration of the 
dissolved sample with K2Cr2o7 . Samples of approximately 0.2 grams were 
accurately weighed and dissolved in HCl, and all ferric ions present in 
the dissolved sample reduced to ferrous ions by the addition of SnC12 . 
HgC12 was then added to oxidize the excess stannous ions. H3Po4 was 
then added to complex the ferric ions formed during the titration, and 
after the diphenylamine indicator was added, the solution was titrated 
with K2Cr2o7 . 
Total Zinc 
Samples of approximately 0.3 grams each were accurately weighed 
and dissolved in HCl. A double precipitation and filtering of Fe(OH) 3 , 
using NI\OH, eliminated the ferric ions :from the solution. The presence 
of ferric ions in the solution during the titration masks the end point 
13 
of the titration. The filtrate Was collected and diluted to one liter. 
Aliquots of 100 ml ~taken for titration. A buffer solution of pH 10 
and Eriochrome Black T. indicator were added and the solution titrated 
with E.D.T.A. 
Phase Identification 
The phases present in the samples were identified by X-ray dif-
fraction using Fe K~ radiation. Electron diffraction was used to supple-




Chemical Composition o£ Samples 
The chemical compositions o£ the samples a:re given in Table II and 
are plotted on the composition isotherm, shown in Figure 3. The 
compositions are given in both weight percent and mole percent and 
were calculated £rom the £errous ion, total iron, and total zinc chem-
ical analyses. In summing the weight percents ZnO, Fe 2o3, and Fe3o4 , 
the analyses were £ound to be 100 ± 2.5 percent, the error in the anal-
yses probably being due to variance in the chemical analyses. 
The lines o£ constant oxygen pressure or activity, are shown in 
Figure 3, and represent the chemical compositions o£ the three con-
stituents that would be in equilibrium with the particular oxygen pres-
The compositions and their respective oxygen pressures on the 
1 
of Darken and Gurry . 
The phase boundary between the solid solution region and the solid 
solution plus £ree ZnO, were constructed £rom the composition point of 
ZnFe 2o4 to the 50 atomic percent Zn0-50 atomic percent Fe3o4 on the 
Zn0-Fe 3o4 binary system as a result of discussions with R. Benner2 • 
The phase boundary between the solid solution and the solid solution 
plus Fe 2o3 was constructed using X-ray and electron di£fraction anal-
ysis, and presented in a graphical method used by Yamaguchi and Take.i3 • 
1. Darken, L. S. and Gurry, R. W., J. Amer. Chem. Soc., Vol. 68, p. 798, 
( 1946). 
2. Benner, R. (1965) Personal Communication. 
3. Yamaguchi, T. and Takei, T., Sci. Papers Inst. Phys. Chem. Research, 
Tokyo, Vol. 53, p. 207 (1959). 
TABLE II 
CHEMICAL COMPOSITION OF SAMPLES AFTER EQUILIBRATION WITH VARIOUS ATMOSPHERES AT 1200°C 
Composition of Chemical Composition of 
Starting Material, Oxygen Equilibrated Samples, 
Sample Atomic Percent Pressure, Atomic Percent 
Designation ZnO Fe2o3 Atm. ZnO Fe2o3 Fe 3o4 
--
2-1-50 50.0 50.0 0.1 49.25 49.93 0,82 
2-1-55 47.3 52.7 0,1 46.94 50.84 2,22 
2-1-60 44,4 55.6 0,1 44.23 50.93 4,84 
2-1-70 37.5 62.6 0,1 37.81 51.44 10.75 
2-1-80 28.5 21.5 0,1 28.53 61.88 9.59 
2-1-90 16,6 83.4 0,1 17.73 79.25 3.02 
2-2-50 50.0 50.0 0,01 48.95 50.19 0,86 
2-2-60 44.4 55.6 0,01 44,86 49.26 5.88 
2-2-70 37.5 62,6 0,01 39.91 45.25 14.85 
2-2-80 28.5 71.5 0,01 31.61 40.56 27.83 
2-2-90 16.6 83.4 0,01 19.39 50.59 30.02 
2-3-50 50.0 50.0 0,001 48,86 50.06 1.07 
2-3-60 44,4 55.6 0,001 44,82 49.00 6.18 
2-3-70 37.5 62.6 0,001 39.55 44.85 15.60 
2-3-80 28.5 71.5 0,001 31.83 37.29 30.88 
2-3-90 16,6 83.4 0,001 20.65 30.18 49.16 
2-4-50 50.0 50.0 0,0001 48.93 48.87 1,20 
2-4-60 44,4 55.6 0,0001 44,80 48.25 6.95 
2-4-70 37.5 62.6 0,0001 39.45 43.79 16.76 
2-4-80 28.5 71.5 0,0001 31.64 37.31 31.05 












Fe 2 0 3 
Isothermal Section of the ZnO-Fe 0 -Fe 3 0 System 2 3 4 
at 1200°C Showing the !so-activity of Oxygen Lines 
17 
This method consists or plotting the ratio of the weight percent Fe3o4 
to the original weight percent of Fe 2o3 of the samples. The ratio 
used is commonly referred to as the degree of dissociation. Figure 
4 illustrates how this graphical method is used to determine the shape 
of the phase boundary. The curved portions of the constant oxygen 
pressure lines are typical of a single phase region, and the straight 
line portion of the curves occur in a two phase region. The straight 
lines extending from 100 percent Fe 2o3 through the composition points 
or samples shown to be two-phased in X-r~ diffraction intersect the 
constant oxygen potential curves at a point. This point then repre-
sents the chemical composition at which a particular oxygen pressure 
will be in equilibrium with both the solid solution and Fe 2o3 , i.e., 
the phase boundary between the solid solution and solid solution plus 
Fe 2o3 regions of the phase diagram. With the inclusion or several 
oxygen potential lines and the various points determined as mentioned 
above, the phase boundary between the two regions in the ternary system 
is easily established. 
The above mentioned method for determining the phase boundary is 
necessary since there is no chemical method devised to difrer-
entiate between the Fe 2o3 existing as a primary phase and that present 
in the solid solution. 
0.4 
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The thermodynamic properties of the pseudo-binary system ZnFe 2o4-
Fe3o4 will be calculated in following sections from the experimental 
data reported in the previous chapters. For ease of presentation, 
the calculations will be grouped into three parts. The first part 
will be the calculation of the activities of two components in a ter-
nary system from the known activity of the third component. The second 
part will consist of applying these calculations to the ternary system 
Zn0-Fe 2o3-Fe3o4 • The third part utilizes the Fe3o4 activities devel-
oped to calculate the activities of the ZnFe 2o4 in the ZnFe 2o4-Fe3o4 
pseudo-binary system. The free energy of mixing, enthalpy of mixing, 
and entropy of mixing in the pseudo-binary ZnFe 2o4-Fe3o4 system can 
then be calculated from the activities of the two components. 
Calculation of Partial MOlar 
Quantities in a TernarY System 
The Gibbs-Duhem equation has become an invaluable tool to calculate 
the partial molar quantities of a particular component or components 
in a multicomponent system from the known partial molar quantities of 
the other components in the system. The majority of the applications 
of the Gibbs-Duhem equation has been with two component systems. How-
ever R. Schuhmann1 has proposed a method of calculating the partial 
molar quantities of two components in a ternary system when the third 
is known, which is particularly applicable in this investigation. A 
brief description of the derivation of this method is given below. 
1. SchUhmann, Jr., R., Acta Met., Vol. 3, 219, (1955). 
20 
The Gibbs-Duhem equation ror a system or three components at 
constant temperature and pressure can be written: 
( 5-l) 
in which n1 , n 2, and n3 represent the moles respectively, and ~' p 2 , 
and p 3 represent the chemical potentials or partial molar rree energies 
or the three components l, 2, and 3. The chemical potentials or partial 
molar rree energies are derined as: 
(~~) ( 5-2a) 
(~~2) ( 5-2b) 
( 5-2c) 
where F is the rree energy or the system and is generally a runction 
or temperature, pressure, and composition. In a three component system, 
ir the temperature, pressure, and n3 are held constant, the chemical 
potentials ~ and p 2 become runctions or n1 and n 2 • With these re-
strictions placed upon the system, the partial derivative or ~ with 
respect to n 2 is: ( ;~) (5-3) 
Also the partial derivative or ~2 with respect to n1 is: 
= (~) (;~) 
n2' n3 n2, n3 n2, 
(5-4) 




which upon comparison results in the equation: 
(5-6) 
Substituting equations (5-3) and (5-4) into equation (5-6), gives the 
following important equation: 
(5-7) 
Equation (5-7) can be used in integrating through a one-phase field, along 
a path of constant n 2 and n3 to obtain the chemical potential of com-
ponent 2 from the known chemical potential of component 1. A path of 
constant n 2 and n3 means a compositional path in which the ratio of the 
number of moles of n 2 to n3, i.e., n~n3 , is constant. This path of 
constant n~n3 follows a straight line through the corner of the ter-
nary system corresponding to component 1 on the composition triangle. 
(5-8) 
in which the path of integration extends from point I to point II in the 
ternary isotherm as shown by Figure 5 • This integration can be per-
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when the experimental data of ~ are sufficiently complete so the partial 
derivative ( ) n1/~ n 2 ) can be evaluated as a function of a along f-1-]_' n3 . l. 
the entire path of integration. 
The quantity ( ~ n1/c)n2 ) describes the direction of the tan-)11' n3 
gent to the ~ isoactivity curve at the point where the path .of inte-
gration (constant n~n3 ) intersects the isoactivity curve ~1 . This 
quantity ( ~ n1/ ~ n 2 ) is determined by the intersection of the p.l' n3 
tangent with the binary system between components l and 2 as shown 
in Figure 5. In essence, this quantity represents the compositions 
of the binary mixture of components l and 2 which, expressed as a ratio 
of the number of moles of components l and 2, may be added to the sys-
tern without changing the activity of component l. 
Equation (5-8) can be transformed into a more usable equation 
by utilizing the relationship 
}1 = RTlnW. = 2 .303RTlog o( (5-9) 
Substituting equation (5-9) into equation (5-8), equation (5-8) becomes 
= [
logo( ~(I ~ ) log~~ - ( nl 
) I a n2 
log dl. 1 log~( 1 , n3 
Thermodynamic Activities of the 
Zn0-Fe 2o3-Fe 3o4 System 
d log J ( 5-10) 
j_Jn~n3 
Equation (5-10) will now be used to calculate the activities of 
Fe 2o3 from the known activities of oxygen. 
A number of sets of components corresponding to n1 , n 2 , and n3 




log o, ZnO 
Although the system is not defined in terms of ZnO, Fe 2o3 and 0, the 
transformation of ( ~ 0/ d Fe 2o3) log 0 , ZnO can be easily accomplished 
by use of the relationship 
( 5-12) 
24 
If the initial oxygen is defined as Y and the initial Fe 2o3 as z, then, 
according to equation (5-12), the final amounts of Fe 2o3 and Fe3o4 
after transformation will be 
Fe 2o3 
Fe3o4 
Z + 3Y 
-2Y 
the intersection of the tangent to the isoactivity of oxygen curve with 
the Fe 2o3-Fe3o4 binary system 











log 0, ZnO 
log 0, ZnO 
can be written as 
N Fe 2o3 z + 3Y 
N Fe3o4 
-2'£ 
l ( 5-13) 
3 + 2 
where the quantities N and N are the respective mole fractions Fe 2o3 Fe3o4 
of Fe 2o3 and Fe3o4 at the point the intersection of the tangent to the 
25 
isoactivity of the oxygen curve with the binary system Fe2o3-Fe3o4 • By 
substituting equations (5-11) and (5-13) into equation (5-10), the 
integration can be expressed as 
II log~F 0 
e2 3 
I logctF 0 
e2 3 
d log 0 ( 5-14) 
The standard state for Fe 2o3, chosen as free Fe 2o3, is represented 
by the phase boundary between the solid solution region and the Fe 2o3 
plus solid solution region. This choosing of the standard state of 
Fe 2o3 requires that the path of integration pass through the phase 
boundary between the solid solution and the Fe 2o3 plus solid solution 
regions on the ternary isotherm. Under these conditions the activity 
of Fe2o3 in the standard state is 1 and equation (5-14) reduces to 
log 0 
log d.. F 0 
e2 3 
d log 0 
Free 
( 5-15) 
As a result of the lack of an analytical expression for the partial 
derivative of ( ~ O/ a Fe 2o3)log O, ZnO in terms of log o, all of the 
Fe 2o3 activities were calculated by graphical integration2 . The activ-
ities of Fe 2o3 obtained from the integration were plotted versus the 
atomic percent oxygen along the path of integration. The activities, 
expressed in terms of tenths were then interpolated from this curve, 
2. Since the differential log o2 was substituted for log 0 in the integratio~ of equation (5-l?), the area under the curve had to 
be divided. by 2. This stems from the relationship 
l/2 log 0 ~ log pO = log pO 2 = l/2 log po2 • 
See A,ppendix C for sample calculation of the activity. 
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and plotted in Figure 6 . Table m gives the Fe 2o3 activities and the 
quantities needed to calculate the activities. 
The activities of Fe3o4 were calculated from the reaction 





where K is the equilibrium constant for equation (5-16) at a certain 
temperature3 • From equation (5-17), the activity of Fe3o4 can be cal-
culated if K, ~F 0 , and p02 are all known at a particular point. 
e2 3 · 
Since p0 2 is known, and qF 0 was determined in the preceding section, 
e2 3 
all that needs to be known is the value of K. 
The value of K was determined from the experimental work of Darken 
4 . 
and Gurry ; the value of K was found to be 0~0299, 
The activities of Fe3o4 calculated using equation (5-17) along 
with the oxygen pressure and the activities of Fe 2o3 are given in Table 
IV . 
As a result of the limited number of Fe3o4 activities determined 
and their non-uniform distribution throughout the spinel solid solu-
tion region, certain assumptions as to the shape of the Fe3o4 activity 
3. See Appendix B for a thermodynamic validation of this method of 
calculation. 
4. Darken, L. S. and Gurry, R. W., J, Arner. Chern. Soc,, Vol. 68, 
p • 798 ( 1946) . 
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TABLE III 
Fe203 ACTIVITIES CALCULATED FROM OXYGEN ISOACTIVITY CURVES, 1200°C 
Isoactivity of ~0 ~ 
Oxygen, 
Oxygen Pressure at Oxygen Curves () Fe 2o2 Atomic Bounda~ Intersection Atm Fe2o2 Percent 
-1 1 x 10 atm. 1 X 10-1 0.200 1.000 57.5055 
1 X 10-2 0.254 0.768 57.4074 
1 X 10-3 0.281 0.567 57.3413 
1 X 10-4 0.291 0.411 57.3206 
1 X 10-2 1 X 10-2 0.243 1.000 57.5188 
1 X 10-3 0.281 0.740 57.4388 
1 X 10-4 0.303 0.530 57.3574 
Fe2o3-Fe3o4 Boundary 1.05 X 10-3 0.2895 1.000 57.5301 
1 X 10-3 0.2910 0.999 57 .5Z78 
1 X 10-4 0.3091 0.704 57.3637 
TALBE IV 
Oxygen Pressure at Oxygen Pressure ~ ~e304 Boundary Intersection Atm Fe 2o2 
-1 1 x 10 atm. 1 X 10-1 1.000 0.308 
1 X 10-2 0.768 0.369 
1 X 10-3 0.567 0.408 
1 X 10-4 0.411 0.454 
-2 1 x 10 atm. 1 X 10-2 1.000 0.555 
1 X 10-3 0.740 0.630 
1 X 10-4 0.530 0.680 
Fe 2o3-Fe3o4 Boundary 1.05 X 10-3 1.000 0.961 
1 X 10-3 0.999 0.974 
1 X 10-4 0.704 0.997 
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curves had to be made. To agree with the work of Benner5 the contour 
of the activity of Fe3o4 curves that is symmetrical about the Fe3o4 
corner of the Zn0-Fe 2o3-Fe3o4 composition triangle was selected. These 
isoactivity of Fe3o4 curves appear as segments of concentric circles 
about the Fe3o4 corner as shown in Figure 6. 
Activities of ZnO 
The activities of ZnO were calculated from equation (5-10). The 
and 
( ~ Fe3o~ 
0 ZnO-'-) ( 5-19) 
log 
NFe 304 and NZnO are the respective mole fractions of Fe3o4 and 
ZnO at the intersection of the tangent to the isoactivity of the Fe3o4 
curve with the binary system Zn0-Fe3o4 . Substituting equation (5-18) 
and (5-19) into equation (5-10), the integral can be expressed as 
log~ ZnO I log 0.. ZnO 
II 
log ~ F 0 
e3 4 
N Fe3o4 
d log ~ 
Nzno Fe304 
( 5-20) 
By choosing free ZnO as the standard state and integrating along a path 
5. Benner, R. L. (1965)"The Thermodynamics of the Zn0-Fe 2o3-Fe3o4 System\ Thesis, University of Missouri. 
that is a straight line between the Fe3o4 corner of the composition 
triangle and the phase boundary between the solid solution and solid 
solution plus ZnO regions, equation (5-20) reduces to 
log ~ ZnO ( 5-21) 
The ZnO activities obtained from this graphical integration are shown 
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in Table V and were plotted versus the mole fraction of Fe3o4 . The 
activities plotted in Figure 6 were then interpolated from the activity 
ZnO versus mole fraction Fe3o4 curve. 
Thermodynamic Properties of the 
ZnFe 2o4-Fe 3o4 System 
ZnFe 2o4 and Fe3o4 are both classified as having a spinel-type 
structure. However ZnFe 2o4 is sub-classified as a normal spinel and 
Fe3o4 subclassified as an inverse spinel. The normal spinel structure 
of ZnFe 2o4 has the oxygen ions located in a cubic-closest packing with 
the unit cell containing 32 ions. The divalent zinc ions are distributed 
among tetrahedral voids in the rigid oxygen lattice and the trivalent 
ferric ions distributed among the octhedral voids in the oxygen lattice. 
In the inverse spinel structure of Fe3o4, the oxygen ions are also lo-
cated in a cubic-closest packing array with 32 oxygen ions per unit 
cell, with the trivalent ferric ions distributed evenly between the 
tetrahedral and octahedral voids, and the divalent zinc and ferrous 
ions located in the octahedral voids of the rigid oxygen lattice. 
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TABLE V 
ZnO ACTIVITIES CALCULATED FROM Fe 3o4 ACTIVITIES 
Fe3o4 at ~ Fe 2o4 Atomic Boundary Isoactivity of Percent 
Intersection Fe3o4 Curve :) ZnO d.. ZnO Fe 3o4 
0.000 0.100 0.0526 0.986 5.0 
0.200 0.1175 0.935 10.5 
0.300 0.1978 0.882 16.5 
o.4oo 0.3075 0.817 23.5 
0.500 0.454 0.756 31.2 
0.600 0.647 0.686 39.2 
0.700 0.924 0.610 48.0 
0.800 1.38 0.525 58.0 
0.900 2.335 0.425 70.0 
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This difference in structure between the two spinel types results 
in markedly different magnetic properties, and as the spinels form com-
plete series of solid solutions, the magnetic properties of the inverse 
spinel can be effectively controlled by the amount of a normal spinel 
added to the spinel solid solution. 
The thermodynamic properties of the ZnFe 2o4-Fe3o4 system were 
evaluated in an attempt to learn something of the structure of' this 
spinel solid solution between the normal spinel ZnFe 2o4 and the inverse 
spinel Fe3o4 • 
Activities of the §ystem 
The activities of' Fe3o4 utilized in analyzing the pseudo-binar,y 
ZnFe 2o4-Fe3o4 were taken from the Fe3o4 activities of the ternary system. 
The ZnFe 2o4 activities were then calculated using the Fe3o4 activities 
and the Gibbs-Duhem equation for binary systems. 
The Gibbs-Duhem equation applied to binary systems is 
( 5-22) 
Because of' the limits of integration, several substitutions were made 
to simplif'y the calculations. 
Dif'ferentiating the mole f'raction equation N1 + N2 = 1, the rela-
tionship 
( 5-23) 





Subtracting equation ( 5-24) from (5-22) gives 
0..1 ~2 N1dl~ + N2dlnN 0 
1 2 
By definition, the activity coefficient l . is equal to ~/N.; therefore ~ l ~ 
or, expressed in common logarithms and dividing by 2.303 
N1 dlog Y 1 + 0 ( 5-25) 
Substituting ZnFe 2o4 as component 1 and Fe 3o4 as component 2 into equa-
tion ( 5-25) and expressing in terms of an integral 
log "iF 0 
e3 4 
= -
dlog ( 5-26) 
log t Fe3o4 , ZnFe 2o4 
Equation (5-26) was then graphically integrated to obtain tZnFe 204 , 
which was then used to calculate d\ZnF 0 • The activities of Fe3o4 
e2 4 
and ZnFe 2o4 across the ZnFe 2o4-Fe3o4 binary system are shown in Figure 
7. 
Table VI shows the activity coefficients and activities of ZnFe 2o4 
together with the quantities necessary to calculate them. 
Thermodynamic Properties of Mixing of the System 
By the use of statistical methods, certain thermodynamic properties 
of a system can be used to learn something of the structure within the 
system. This is generally accomplished by assuming some structural 
model for the system and from this calculating certain thermodynamic 
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TABLE VI 




N 0( N t ~ ZnFe 2o4 Fe 2o4 Fe 2o4 ZnFe 2o4 ZnFe2o4 ZnFe 2o4 
0.01 0.9999 1,009 99.000 29.06 0.291 
0.02 0.999 1.019 49.000 11.92 0.238 
0.03 0.998 1.029 32.333 8.250 0.248 
0.04 0.997 1.039 24.000 6.390 0.256 
0.05 0.997 1.049 19.000 5.250 0.263 
0.06 0.997 1.060 15.667 4.300 0.258 
0.07 0.996 1.071 13.290 3.658 0.256 
0.08 0.996 1,082 11.500 3.265 0.261 
0.09 0.996 1.094 10.111 2.905 0.261 
0,10 0.995 1.105 9.000 2.670 0.267 
0.15 0.970 1.141 5.667 2.115 0.317 
0,20 0.958 1.197 4.000 1.689 0.338 
0.25 0.930 1.240 3.000 1.496 0.375 
0.30 0.898 1,282 2.333 1.364 0.4092 
0.35 0.860 1.323 1.860 1.270 0.445 
. 
0.40 0.817 1.361 1.500 1.212 0.485 
0.45 0.771 1.401 1.222 1.168 0.526 
0.50 0.772 1.444 1.000 1.126 0.563 
0.55 0,665 1.478 0.818 1.105 0.608 
0.60 0.610 1.525 0.667 1.078 0.647 
0.65 0.550 1.571 0.538 1.059 0.688 
0.70 0,485 1.617 0.429 1.043 0.730 
0.75 0.420 1,680 0.333 1.028 0.771 
0.80 0.352 1.760 0.250 1.016 0,813 
0.85 0.277 1.846 0.177 1,007 0.856 
0.90 0.190 1.900 0,111 1.002 0.902 
0.95 0.100 2.000 0.053 1.000 0.950 
0.99 0.020 2.000 0.010 1.000 0.990 
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compared with the same thermo~amic properties obtained by experimental 
means to learn more about the structure type encountered in the system. 
The easiest thermodynamic property to work with is probably the entropy 
of mixing, as fewer assumptions are necessary in deriving it statis-
tically. 
6 R. Benner has derived expressions for two structural models re-
presenting two ways in which the cations can be distributed through-
out the rigid anion lattice. The first represents an ideal solution-
type of cation distribution in which any cation, regardless of charge, 
has an equal probabability of being located in a tetrahedral or an 
octabedral void. The second model represents the mixing of a normal 
with an inverse spinel structure. In this model, the cations do not 
have an equal probability of occupying the octahedral and tetrahedral 
voids, but occupy the same type void that they would occupy in the 
respective pure components. 
The entropies of mixing were calculated for the ZnFe 204-Fe3o4 
system from the activities developed in the previous section and compared 
with the entropies of mixing derived from the statistical models by 
Benner. 
In order to calculate the entropies of mixing however, it is first 
necessary to first calculate the free energies of mixing and enthalpies 
of mixing and then using the relationship 
= 
calculate the entropies of mixing for the system. 
Free Energies of Mixing 
::The :free energy o:f mixing is a :roolar quantity defined as 
( 5-27) 
and it represents the difference between the free energy of formation 
of the solution (F) and the sum of the free energies of formation of 
the components in their standard states (F0 ) multiplied by their re-
spective mole fractions (N). This equation may be represented as 
F 
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In this case, the free energy of mixing represents the relative stability 
of the system as compared to equivalent amounts of its pure components. 
The activities of ZnFe 2o4 and Fe3o4 calculated in the previous 
section were used in equation (5-27) to calculate the free energies 
of mixing of the system. The calculated free energies are given in 
Table VII and are shown graphically in Figure 8 . It can be seen in 
this figure that the free energy of mixing curve is skewed toward the 
0.40. This is the same ZnFe 2o4 side, having a minimum at N2 F 0 
n e2 4 
area that R. Benner7 observed minimum in the A~ curves in his study 
of the system at 1100°0, 1300°0, and 1400°0. Benner also noted cluster-
ing of the oxygen isoactivity curves in this region in his studies at 
Enthalpy of Mixing 
The enthalpies of mixing were calculated from the free energies 
of mixing by utilizing the Gibbs-Helmholtz equation 
= ( 5-28) 
where A yn is the free energy of mixing, T is the absolute temperature, 
and A Ifl is the enthalpy of mixing. 
7. U>id ., p. 29 . 
TABLE VII 
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It can be seen from equation (5-28) that A~ is the slope of the 
curve b~/T versus 1/T. 
In order to simplify calculations, the enthalpies of mixing were 
assumed to be independent of temperature, and functions of AFm/T versus 
1/T were assumed to be linear. The A~ (1200°C) calculated in the 
previous section and A~ (1100°, 1300° 1 and 1400°C) as calculated by 
8 Benner were used to calculate the equation of this function at constant 
composition. The methods of least squares was used to calculate the 
equation, and the slope of this equation is equal to the enthalpy of 
mixing at the composition involved. The values of A~ are given in 
TableVIII and are shown graphically in Figure 9. 
The assumption of temperature independence is not strictly accurate 
as a plot of A~/T versus 1/T is not linear, however, because of the 
relatively limited number of values available, any other assumption 
as to the true shape of the curve would probably introduce as much error 
into the calculations as the assumption made. 
Entropy of Mixing 
The free energies and enthalpies of mixing previously calculated 
were used to calculate the entropies of mixing from the equation 
A~ A~ 
T (5-29) 
The entropies of mixing calculated from the equation are given in 
Table IX and are shown graphically in Figure 10. 
It can be noted in Figure 10 that the entropy of mixing curve 
across the system is skewed toward the ZnFe 2o4 side and has a maximum 
at N = 0.60. Upon comparison of this experimental curve with 
ZnFe2o4 
8. Ib~d., p. 62. 
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TABLE VIII 
MOLAR ENTHALPY OF MIXING 
Mole Fraction Enthalpy of Mixing 




























' ~ 0 800 







0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
ZnFe 2 0 4 N Fe 3 0 4 
Fe 3 0 4 
Figure 9 
Molar Enthalpy of Mixing for the ZnFe 2 0 4 -Fe 3 0 4 System 
TABLE IX 















































Calculated 6. S m of a normal 




e 1.4 0 
E 
' ~ 1.2 0 
~ 
C8 
u 1.0 Calculated ~S m 
-







0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
ZnFe 2 0 4 
N Fe 3 0 4 Fe 3 0 4 
Figure 10 
Molar Entropy of Mixing for the ZnFe 2 0 4 -Fe 3 0 4 System 
46 
those calculated by Benner9 for the two structural models, it can be 
seen that the entropy of mixing of the system calculated in this in-
vestigation more closely resembles the curve of the structural model 
in which the cations occupy the voids in the rigid oxygen lattice that 
they occupy in their respective pure components. 
CHAPTER VI 
SUMMARY AND CONCLUSIONS 
The investigation has been concerned with the thermoqynarnic pro-
perties o£ the Zn0-Fe2o3-Fe3o4 system in the isothermal section at 
1200 oC and the thermoqynamic properties o£ the pseud:>- binary system 
ZnFe 204-Fe3o4 contained within this ternary system. 
The thermoqynamic properties o£ the system were derived £rom a 
series o£ iso-activity o£ oxygen lines using a procedure derived by 
1 Schumann . The constant oxygen activity lines were obtained by equi-
47 
librating mixtures o£ ZnFe 2o4 and Fe 2o3 with oxygen-argon gas mixtures 
at the temperature involved. These iso-activity o£ oxygen lines show 
the existence o£ two regions within the ternary system -- a large spinel 
solid solution region and a region o£ Fe2o3 plus solid solution. A 
region o£ ZnO plus solid solution also exists in the ternary system. However, 
as a result o£ private communications with R. L. Benner ~oncerning 
his £indings in his investigation o£ the ternary system at 1100, 1300, 
and 1400 °C that this ZnO plus solid solution region is una££ected by the 
temperatures involved, the present investigation was directed toward 
the portion o£ the ternary system including only the spinel solid solu-
tion and Fe 2o3 plus spinel solid solution regions. 
The phase boundary between the solid solution and solid solution 
plus Fe 2o3 regions was determined to extend £rom the point 55 atomic 
percent Fe 2o3-45 atomic percent ZnO on the Zn0-Fe 2o3 binary in a straight 
line across the ternary system to the composition o£ Fe 2o3 in equilibirum 
1. Schumann, Jr., R., Adta Me·t:;: Vol.~ ;3 ( I955), p. 219. 




The intersection of this phase boundary with the Zn0-Fe 2o3 binary 
system was found to differ to a slight degree from that determined 
by Benner3 owing probably to slight differences in the chemical analysis 
procedure for the determination of ferrous ion content, and to differences 
in interpretation of the graphical method of determination using the 
degree of dissociation as a function of initial composition. 
Although the temperature used in the present study was not high 
enough to obtain a large degree of dissociation of the starting materials, 
-3 -4 the isobaric oxygen lines of 10 and 10 atmospheres did show a tend-
ency toward clustering in the region near 35 percent Fe3o4, 65 percent 
ZnFe2o4 . This was the same regions that Benner observed a clustering 
of isobaric oxygen lines in his studies at 1300 and l400°C~ As the 
number of equilibrated samples in this region of the·ternary system 
was rather limited, no further attempt to investigate the cause of 
this clustering was made. 
The activities of ZnO, Fe 2o3 , and Fe3o4 derived from the iso-activity 
of oxygen curves showed that the spinel solid solution region is far 
from ideal with regard to the activities of the respective components. 
This nonideal behavior was apparent in the activities of ZnFe 2o4 and 
Fe3o4 calculated for the p39Ulo-binary system ZnFe2 o4 -Fe3o4 . Large 
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toward the Fe3o4 end of the pseudo~binary system. This positive devia-
tion from ideality of the activities of ZnFe2o4 and Fe3o4 had the 
following effect on the partial molar quantities calculated for the system: 
1. The molar free energy of mixing curve was skewed toward the 
ZnFe 204 side of the binary having a minimum in the region 
40 percent Fe3o4 , 60 percent ZnFe 2o4 . 
2. The molar enthalpy of mixing curve was also skewed toward the 
ZnFe 2o4 side of the system showing a maximum at 40 percent 
Fe3o4, 60 percent ZnFe 2o4 . An ideal system would show an 
enthalpy of mixing of zero throughout the system. 
3. The entropy of mixing curve did show a somewhat ideal behavior 
when compared to theoretically calculated entropies of mixing 
for two .structural models, one of an ideal system and the 
other in which the cations must occupy the same type of void 
that they occupy in the pure components. The experimentally 
determined entropy of mixing curve did, however, exhibit values 
substantially higher than the entropy of mixing of an ideal 
system, and it was skewed toward the ZnFe2o4 side having a 
maximum value at 40 percent Fe3o4 , 60 percent ZnFe 2o4 -- the 
same region that the entropy calculated for the mixing of an 
inverse spinel with a normal spinel exhibited a maximum. The 
close resemblence of the shape of the experimental curve to 
this calculated curve suggests that the cation distribution 
·'within the spinel solid solution plays an important role in 
·'·aet~rmtning the thermodynamic properties of the system. 
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When the results of the present investigation are compared with 
the results of Benner at 1100 and l300°F, differences in the magnitude 
of the thermodynamic properties of the system are noted. These dif-
ferences most probably result from differences in interpretation of 
the graphical method used to locate the phase boundary between the 
spinel solid solution and the spinel solid solution plus free Fe2o3 • 
The location of the phase boundary at lower Fe3o4 content is critical 
in determining the direction of the path of integration through the 
solid solution field. The net effect of the position of the phase 
boundary on the thermoqynamic properties is that as the phase boundary 
intersection with the Zn0-Fe2o3 binary system approaches the Zn-Fe 2o4 
composition point, i.e., the work of Benner5, the resulting thermo~-
namic properties of mixing the pseudo-binary ZnFe 2o4-Fe3o4 more closely 
6 
approach those reported by Benner • The author, however, feels the 
position of this phase boundary reported herein is accurate, as the 
compositions of the equilibrated samples in the low Fe3o4 content 
region suggest this placement of the phase boundary to be accurate. 
5. Ibid., pp. 24 - 26. 
6. Ibid., pp. 63, 65, 67. 
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APPENDIX A 
DETAILED CHEMICAL ANALYSIS PROCEDURES 
Total Zinc Determination 
A sample of approximately 0.3 gram is accurately weighed. Twenty 
milliliters of l2N HGl are added and the sample is digested on a sand 
bath until dissolution is complete. The solution is then diluted to 
approximately 150 milliliters and concentrated NH40H is added until a 
precipitate of Fe(OH) 3 is formed. The liquid portion of the sample 
should then be colorless. The precipitate is then filtered out using 
S and S White Ribbon Filter Paper, the filtrate being saved, and the 
precipitate then being redissolved in concentrated HCl. The process 
of precipitation is then repeated with the filtrates being combined 
and the Fe(OH) 3 discarded. Care must be taken during the precipita-
tion process so the pH of the solution does not get too high or it will 
interfere with the indicator action during the subsequent titration of 
the sample. 
The filtrate is then taken and diluted to 1 liter total volume 
with water, and 100 milliliters aliquots are taken for titration. To 
the 100 milliliter aliquot~ 5 milliliters of a buffer solution, pH 10, 
and 4 drops of Eriochrome Black T. indicator are added. The aliquot 
is then titrated with approximately O.OlN E.D.T.A. 
The E.D.T.A. is standardized using pure zinc metal. A piece of 
zinc metal of approximately 0.1 gram is accurately weighed and dissolved 
in concentrated HGl. The solution is diluted to 1 liter total volume 
and 100 milliliters aliquots are taken for analysis. Four milliliters 
of the buf£er solution and 4 drops of Eriochrome Black T. indicator are 
added and the solution titrated with E.D.T.A. The color changes at 
the end point. 
Solutiors Used for Total Zinc Determination 
Buffer Solution: 7.0 grams of NH4Cl dissolved in 60 milliliters 
concentrated NH4oH then diluted to 100 milli-
liters total volume. 
Eriochrome Black T. Indicator: 0.1 gram of Eriochrome Black T. 
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and 1.0 gram of bydroxaline hydro-
chloride dissolved in 10 milli-
liters of methyl alcohol. 
O,OlN E.D.T.A.: 0.9 gram dried Na2H2c10Bl2N2 . 2H20 dissolved 
in H20 and diluted to 250 milliliters. 
Total Iron Determination 
A sample of approximately 0.2 gram is accurately weighed. This 
sample is then transferred to a 250-milliliter beaker and 20 milli-
liters of J2N HCl added. The sample is digested on a sand bath until 
dissolution is complete. SnC12 is then added dropwise to reduce the 
ferric ions to ferrous ions, their reduction being noted by the disap-
pearance of the characteristic yellow color of the ferric ions in solu-
tion. When reduction is complete, an excess of 1 or 2 drops of SnC12 
is added. The solution is then cooled and diluted to approximately 
150 milliliters. With rapid stirring, 10 milliliters of HgC12 is 
added to the solution to oxidize the excess stannous ions present, 
a fine white precipitate of Hg2c12 forming. If the precipitate is 
black, denoting the presence of free mercury, the sample must be dis-
~..: ... ""' 't'' 
carded. The ·sol~tion is then diluted to approximately 250 milliliters 
and transferred to a 500-milliliter Erlenmeyer flask for titration. 
Ten milliliters of 85 percent H3Po4 are added to complex the ferric 
ions formed during the titration, forming a colorless complex ion so 
the yellow color of the ferric ions does not interfere with the color 
change at the end point in the titration. Five milliliters of diphenyl-
amine sulfonic acid are then added, this solution being the indicator 
in the titration with K2Cr2o7 . The solution is colorless in the pres-
ence of ferrous ions, and changes to a slate blue-gr~ at the first 
excess of the dichromate ion. The sample is then titrated with approxi-
mately O.lN K2Cr2o7 . Initially the solution is a chalky white due 
to the presence of the Hg2Cl2 precipitate. As the titration proceeds, 
the solution will become green-colored due to the presence of the chromic 
ion present. At the end point the color of the solution will change 
from an emerald green to a slate blue-gr~. The K2Cr2o7 is standardized 
by dissolving a weighed amount, approximately 0.1 grams being the right 
size for samples of approximately 0.2 gr~ in 20 milliliters of l2N HCl 
and proceeding as described above. 
Solutions Used in Total Iron Determination 
l. l2N HCl 
2. SnC12 : 15 grams of SnCl2 dissolved in 100 milliliters of 
6N HCl. 
3. HgC12 : 25 grams of HgCl2 dissolved in 500 milliliters of H20. 
4. Diphenylamine sulfonic acid: 0.3 gram barium disulfonate 
dissolved in 100 milliliters H20. Add 0.5 gram Na2so4 . 
Precipitate of Baso4 forms. Let stand and decant clear liquid. 
5. Ki:fr2o7: 4;9 grams K2cr2o7 dissolved in H20 and diluted to 1 
liter total volume. 
Ferrous Ion Determination 
A sample of approximately 0.3 gram is accurately weighed and 
transferred to a 500-milliliter Erlenmeyer flask. The flask is then 
sealed and flushed for 5 minutes with C02 gas. Approximately 20 cc 
55 
of ~· RCl is then added, and with the dissolving sample under an inert 
atmosphere of C02 , the flask is placed upon a sand digestion bath until 
dissolution of the sample was complete. This usually took about 15 to 
45 minutes to complete, depending on the composition of the sample, 
the samples containing more Zn taking longer. 
Care must be taken to continue as described below as rapidly after 
dissolution as possible to keep as little of the ferrous ions present 
from oxidizing as possible. 
When dissolution is complete the flask is taken off the sand 
bath and the seal broken on the C02 flush. Two-hundred milliliters 
of air-free distilled water and 10 milliliters of 85 percent H3Po4 are 
then added. One-half milliliter of diphenylamine indicator is then 
added and the solution titrated with O.OlN K2Cr2o7 . The color change 
at the end point is from light yellow-green to blue. 
The K2Cr2o7 is standardized by dissolving approximately 0.14 gram 
of Nbhrs Salt in 200 milliliters of air-free distilled water, adding 
10 milliliters of 85 percent H3Po4 , 0.5 milliliter of diphenylamine 
indicator and titrating with the K2Cr2o7 . 
Solutions Used in Ferrous Ions Determination 
1. 12N HCl. 
2. Diphenylamine sulfonic acid: 0.3 gram barium diphenylamine 
sulfonate dissolved in 100 milliliters of distille~ H2o. Add 
0.5 gram Na2so4 . Precipitate of Baso4 forms. Let stand and 
decant clear liquid. 
3. K2Cr2o7 : Dissolve approximately 0.49 gram K2Cr2o7 in H20 
and dilute to 1 liter total volume. 
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APPENDIX B 
CALCULATION OF THE Fe3o4 ACTIVITIES 
FROM THOSE OF Fe2o3 AND OXYGEN 
In order to derive the relationship between the activities of 
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Fe3o4 and the activities of oxygen and Fe2o3 , two equilibrium reactions 
must be considered, together with their equilibrium constants. 






3Feh + em 
for which 
= 
= 3Fe + 202 mag 












The second of .these reactions consists of the decomposition of 3/2 
or a :Role of Fe2o3 into a mole of Fe3o4 • The decomposition in this case 
occurs in a spinel solid solution and is represented by the reaction 





In this equation the values of x, y, and z are very much larger than 
3/2; therefore the composition of the spinel solid solution as well as 
the activities of the individual components are practically unchanged. 
Also, the activity of (Fe 2o3)* is equal to the activity of the (Fe 2o3)y. 
Summing equations (B-3a) and (B-4a) result in 
(Zn0)x·(Fe 2o3 )y·(Fe3o4 )z + Fe3o4 ~ (ZnO)x·(Fe3o4 )y·(Fe3o4 )z+l 
( B-5) 
which is the reaction defining the partial molar free energy of mixing 
Fe3o4 in the spinel solid solution. The partial molar free energy of 
mixing Fe3o4 is defined as 
RTln 11\F O 
e3 4 




( ~ ) 3/2 
\ Fe2o3 
= (B-6) 
This equation is equivalent to equation (B-3b), therefore the activity 
of Fe3o4 in the spinel solid solution is defined as 
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APPENDIX C 
CALCULATION OF THE ACTIVITY OF A COMPONENT 
BY GRAPHICAL INTEGRATION 
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The method of graphical integration is necessary to employ in 
this investigation as a result of the lack of an analytical expression 
for the partial derivative of ( ~ 0/ ()Fe 203 \og o, ZnO in terms of log 0. 
The integration outlined below is that used in the calculation 
of the activities of Fe 2o3 using the intersection of the 0.1 isobaric 
oxygen curve with the phase boundary between the spinel solid solution 
region and the spinel solid solution plus free Fe 2o3 region as the 
lower limit in the integration. 
The integration is performed using a plot of the expression under 
the integral sign in equation 5-15 (1/3 + 2(NF 0 /NF 0 )) versus 
e2 3 e3 4 
log p02 . This plot is shown in Figure C-1. 
The activity of Fe 2o3 at the phase boundary is 1.0, i.e., log 02 = 
-1.0. To find the activity of Fe 2o3 at the point where the path of 
integration crosses the 0.01 isobaric oxygen curve (Figure 3), the 
area under the curve of Figure C-1 between log p02 = -1.0 and log p02 = 
-2.0 is determined. For the illustration shown, this area equals -0.2291. 
Remembering that the log p02 was used in plotting the figure and the 
differential used in the calculations (Equation (5-15)) was log 0, 
the area under the curve must be divided by 2, as a result of log 0 = 
log pO 1/2 log pO = l/2log p02 . This results in the area being -0.1145. 
Taking the antilog of this number gives the activity of Fe 2o3 at the 
point in question a value of 0.768. 
To find the activity of Fe 2o3 at the point of intersection of the 
0.001 isobaric oxygen curve with the path of integration, the area 
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under the curve of Figure C-1 between log p02 = -1.0 and log p02 = -3.0 
is determined and the conversion to the activity performed as described 
above. The area under the curve for this particular integration equals 
-0.4956 and when divided by 2 and the antilog taken, the activity equals 
0.567. 
To find the activity of Fe 2o3 at the point of intersection of the 
0.0001 isobaric oxygen curve with the path of integration, the entire 
area under the curve of Figure C-1 is measured and the activity cal-
culated as above. The area under the curve for this integration equals 
-0.7720, which after division by 2 and taking the antilog, the activity 
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Curve for Graphical Integration to Obtain Actlvltes of F"e 2 0 3 
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